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Abstract
This report will provide some general guidance on the selection of distribu-
tion medium (steam or hot water) and temperature for heat distribution
systems. The report discusses the efficiency of both steam and hot water
heat distribution systems in more detail. The results of several field studies
using data from boiler plant logs and measured heat losses are given. For
steam, an efficiency analysis for the steam heat distribution system at
Hawthorne Army Ammunition Plant is summarized. This analysis is based
on the limited data available from the boiler logs maintained at the central
plant. From this information, along with energy and mass balances that
are constructed from the central plant data, gross measures of efficiency
are obtained. The results of the analysis show that only 43.5% of the
steam input to the distribution system is used to meet the required space
heating load. The results also indicate that on average only 46.2% of the
steam that leaves the plant returns as condensate. By converting this
steam distribution system to a low temperature hot water heat distribution
system, savings would exceed $292,000 for the 181-day study period,
which represents a typical heating season. For hot water based systems
this report describes two field projects underway at U.S. Army bases. At
Fort Jackson, South Carolina, a medium-temperature hot water heat distri-
bution system has been monitored. Three different types of system con-
struction have been instrumented: pipes enclosed in a shallow concrete
trench, steel conduit with supply and return pipes in common conduit, and
separate steel conduits for supply and return pipes. At Ft. Irwin, California,
a low-temperature hot water system has been monitored. Two sites have
been instrumented on this direct buried system that consists of steel carrier
pipes insulated with polyurethane foam protected by a fiberglass jacket.
The data provide a clear illustration of the much lower heat losses from the
low temperature water systems.

For conversion of SI units to non-SI units of measurement consult ASTM
Standard E380-93, Standard Practice for Use of the International System
of Units, published by the American Society for Testing and Materials,
1916 Race St., Philadelphia, Pa. 19103.

Cover: Simplicity of the low temperature heat distribution system (bottom);
complexity of high temperature heat distribution system (top).
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INTRODUCTION

Most major Department of Defense (DoD) facili-
ties are heated using central heat distribution sys-
tems. The heat from the central heating plants usu-
ally is distributed to the buildings as high-tempera-
ture hot water or steam through buried piping sys-
tems. DoD has approximately 10,000 km (6000 mi)
of heat distribution piping systems in service (Segan
and Chen 1984). Many of these systems are old and
in need of major repairs or replacement. To replace
these systems currently costs about $1000/lineal m
($300/lineal ft). Thus, the DoD is facing monumen-
tal costs for replacement. In addition, the technol-
ogy currently being used by DoD is problematic.
Many systems that have been recently replaced have
failed prematurely. A previous study done by the
Corps of Engineers (Segan and Chen 1984) identi-
fied many problems caused by improper design,
installation, and maintenance. Most of these prob-
lems led to premature failure of the systems. For the
Army’s 1992 fiscal year the annual maintenance
costs were over $24 million (U.S. Army 1992). This
does not include any of the larger replacement
projects. In addition, as will be shown later, the cost
of heat loss is much greater.

In an effort to reduce the installation and operat-
ing cost of these systems, the Army has an active
research and development program in heat distri-
bution technology. The objective of DoD heat distri-
bution research is to identify improvements in meth-
ods and systems that will prove to be less costly and
problematic. This report gives sample results from
several of the Army’s research projects.

One of the major components of the Army’s heat
distribution research is the accurate assessment of
heat losses. As well as being an essential part of the
design of these systems, determination of heat losses
is a primary factor in making repair/replace deci-

sions. If we assume an optimistic value for average
heat loss from current systems of 48 W/m (50 Btu/
hr-ft) (for older systems and those with large pipes,
greater than 4 in. or 100 mm, a value of several times
this is likely) and a cost of $9.48/GJ ($10/million
Btu’s) for heat energy, we find that heat losses cost
the Army around $85 million per year. Before giv-
ing details on several of the heat distribution effi-
ciency studies that CRREL has done, we will outline
some of the basic design considerations for these
systems.

DESIGN CONSIDERATIONS FOR
HEAT DISTRIBUTION SYSTEMS

The design of heat distribution systems is much
more complicated than the design of other piped
utilities such as potable water and sewage systems.
Because of the need to conserve thermal energy as
well as the hot water or steam itself, the systems
become much more complicated and costly, from
both the installed cost and operations and main-
tenance standpoints. The major challenge in the de-
sign of heat distribution systems is keeping the ther-
mal insulation dry so that it remains effective. This
becomes a formidable task because the system is
usually buried in the ground, which is frequently
saturated with water, and it is carrying water inside
the pipe. Fortunately, the heated pipes tend to drive
moisture out of the insulation. Unfortunately, the
elevated temperatures accelerate corrosion as well,
which tends to increase the frequency of leaks. Leaks
are very costly in heat distribution systems because
not only is the treated water itself costly, but the
thermal energy contained in the water is also lost
when a leak exists.

Thus, the design of heat distribution systems
requires careful examination of the alternatives once
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the site conditions and project requirements are
known. Some of the basic issues that impact distri-
bution system efficiency are addressed below. For a
more complete discussion of the issues and alterna-
tives Phetteplace and Meyer (1990) and ASHRAE
(1992) should be consulted.

Distributed media selection
District heating began in the United States in the

late 19th century. These early systems used steam as
the heat-carrying medium. The steam-based sys-
tems thrived with the inexpensive energy prices of
the time and many systems were built, with a large
number of them still operational today. The very
high load density of the densely developed down-
town areas these steam systems serve  allows them
to tolerate the large distribution losses and even
today remain competitive with alternative means of
building heating.

After World War II many district heating sys-
tems were built in European cities. Both steam and
hot water-based systems were built. As the technol-
ogy for the hot water systems evolved, it became
clear that they were a good alternative to the steam
systems. The hot water systems eliminated the prob-
lems of condensate handling and were easier to
control than the steam systems. Thus, most systems
built in Europe after the war were hot water based.
This technology was brought to the United States in
the early 1950s and a number of hot-water based
systems were built in the United States, particularly
on DoD facilities. These systems used pressurized
water at temperatures above 175°C (350°F) in most
cases. Hot water systems are normally broken into
three temperature classes. Systems with supply tem-
peratures over approximately 175°C (350°F) are usu-
ally considered to be high temperature hot water
(HTHW) systems. Medium temperature hot water
(MTHW) systems have supply temperatures in the
range of 120 to 175°C (250 to 350°F). Low tempera-
ture hot water (LTHW) systems have supply tem-
peratures of 120°C (250°F) or lower. In practice, the
return temperature from all these types of systems
varies widely, with the higher temperature systems
tending to have higher return temperatures. Achiev-
ing a large temperature difference between supply
and return is desirable because this reduces the
amount of water that needs to be circulated for a
given heat delivered.

While the high temperature hot water systems
proved to be much less problematic than steam
systems, they still suffered from relatively high lev-
els of heat loss, as well as other problems associated
with elevated temperatures and pressures. How-

ever, with energy costs still low, they offered a good
compromise because large temperature differentials
could be achieved and thus mass flow rates and
pipe sizes remained lower than was possible with
water at lower temperatures. With low temperature
hot water it would have been more difficult to
achieve temperature differentials of the same mag-
nitude with the heat exchanger technology of the
time. In Europe, however, energy costs were higher
and lower temperatures were shown to offer lower
life cycle costs, particularly since the lower tem-
peratures were much more favorable for cogenera-
tion of heat and electricity. A number of other mate-
rial developments, such as suitable nonmetallic jacket
materials and polyurethane foam insulation, appli-
cable only to lower temperature systems, further
widened the advantage these systems held. These
materials either were not able to withstand the higher
temperatures or degraded very rapidly under such
conditions. Currently nearly all systems in Europe
use low temperature hot water. Such systems have
been so successful in Europe that the market pen-
etration is very high, for example, approximately
50% in Denmark and Finland. The major advantage
that low temperature water holds with regard to
heat losses is best illustrated by actual field mea-
surements made on low temperature hot water and
medium temperature hot water systems installed
on Army bases. A study that made such measure-
ments is described later in this report.

Regardless of whether steam or hot water is cho-
sen, the temperature and pressures used should be
only as high as required to satisfy the requirements
of the consumers. This cannot be overemphasized.
Higher temperatures result in higher heat losses, as
will be shown from the data presented later. In
addition, higher temperatures and pressures result
in numerous other problems such as accelerated
corrosion, higher rates of leakage, and lower safety
and comfort levels for operators and maintenance
personnel. Higher temperatures also may require
higher pressure ratings for piping and fittings and,
in addition, may preclude the use of desirable mate-
rials such as polyurethane foam insulation and non-
metallic conduits. For hot water systems it is im–
portant to design for a high temperature drop at the
consumer. This reduces the flow rate through the
system and thus the pumping power required. High-
er temperature drops at the consumer also result in
lower return temperatures, which in turn result in
lower return line heat loss, as the data to be present-
ed will show.

 Although hot water is widely regarded as the
best alternative where either medium will meet the
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requirements, in many instances existing equipment
and processes will require the use of steam. Some
common examples of where steam may be required
on DoD installations are laundry facilities, mess halls,
motor pools, and hospitals. A careful study should
be made of the alternatives before selecting the dis-
tribution medium and temperature. A list of com-
mon attributes with a brief discussion of the relative
merits of each medium is given below.

Heat capacity
Steam has a distinct advantage as it relies prima-

rily on the latent heat of water rather than the sen-
sible heat. The net heat effect for saturated steam at
6.9 bars (100 psig) (170°C or 338 °F) condensed and
cooled to 82°C (180°F) is approximately 2.42 mJ/kg
(1040 Btu/lbm). For hot water cooled from 175° to
120°C (350° to 250°F) the net heat effect is 0.24 mJ/kg
(103 Btu/lbm), or only about 10% as much. Thus, a
hot water system must circulate about 10 times more
mass than a steam system of similar heat capacity.

Pipe sizes
Although much less mass of steam is required

for a given heat load, steam usually requires a larger
pipe size for the supply line due to its lower density.
This is compensated by a much smaller condensate
return pipe. Piping costs for steam and condensate,
as opposed to hot water supply and return, are
comparable. With regard to the temperature level in
hot water systems, given an equal temperature dif-
ference between supply and return, the tempera-
ture level of the supply will have no effect on the
mass flow rate. Thus, aside from any minor effects
caused by viscosity and density differences, a low
temperature water system with a temperature dif-
ference of 55°C (100°F) will have the same size pipes
as a high temperature system with a temperature
difference of 55°C (100°F). Because the heat can be
used only down to some practical lower limit of
temperature, low temperature hot water systems
may not have as high values of temperature dif-
ference between supply and return. Thus, if temper-
ature difference were the only consideration, higher
temperature hot water systems would be favored.
However, when the increased heat losses, mainte-
nance and system complexity that result from higher
temperatures is considered, lower hot water temper-
atures become more favorable. With proper design
they will not require significantly larger piping.

Return system
Condensate return systems have proven to be

very problematic. Corrosion of the piping is a major

problem. Nonmetallic piping has been used with
only limited success. For these reasons condensate
was seldom returned from older systems. How-
ever, at current energy costs it becomes imperative
to do so. Condensate drainage systems (steam traps,
condensate pumps, and receiver tanks) have also
proven to be problematic, corrosion again being
one of the major sources of problems. Although
much developmental effort has been expended on
steam traps, the best designs today still have a rela-
tively short (less than five years) life expectancy and
will leak several pounds per hour of steam in the
closed condition even when new. In summary, prob-
lems in condensate collection and return are the
major disadvantages of steam systems.

Pressure requirements
Flowing steam and hot water both incur pres-

sure losses. Hot water systems may use intermedi-
ate booster pumps to increase the pressure at points
between the plant and the consumer. Pressure varia-
tions due to elevation differences within hot water
systems are much greater than for steam systems
due to the higher density of water. This can ad-
versely affect the economics of a hot water system
by requiring the use of a higher pressure class of
piping and/or booster pumps.

Low temperature
water design issues

Because low temperature hot water systems are
the least common system type in the United States,
designers are often not as familiar with these sys-
tems. For this reason we will address a few issues
with hopes of dispelling some common myths.

From a designer’s perspective low temperature
water systems are no more difficult, and in most
cases simpler, than steam and high temperature
water systems. Distribution system design is straight-
forward and is less complicated than steam or high
temperature hot water because of the lower tem-
peratures and pressures involved. Because of the
high degree of standardization of these systems, a
number of specialized components are available that
simplify the design process.

Low temperature water is well suited to the grad-
ual change-over of the distribution medium from
steam or high temperature hot water. When major
distribution replacement projects are under consid-
eration, or a new area of a base or community is
being expanded into, low temperature water can be
used simply by putting a heat exchanger station
between the existing network and the new low tem-
perature system. In this way gradual conversion
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can take place as portions of the distribution system
are replaced, thus making the economics more at-
tractive.

Despite their widespread acceptance in Europe
and several successful recent installations in the
United States, low temperature hot water systems
are still associated with a number of myths. Some of
the more commonly held misconceptions are de-
scribed below.

Low temperatures are not suitable for large systems.
One only needs to look at some of the enormous
systems in Europe to be convinced that this is clear-
ly not the case. For example, all of Copenhagen and
the surrounding towns are tied into one big low
temperature system. St. Paul, Minnesota, has a large
system and several other towns in the United States
have fairly large systems. Because of the high effi-
ciency of urethane insulation and the lower tem-
peratures, heat losses are low (approximately 5% of
system capacity) and significant temperature drops
during transport are simply not a problem. For ex-
ample, consider the 150-mm (6-in.) LTHW system
at Ft. Irwin, discussed in more detail later. The aver-
age heat loss from the supply pipe is only 20 W/m
(21 Btu/hr-ft) (Phetteplace 1992). If a modest flow
velocity of 1.5 m/s (5 ft/s) is assumed the water in
this supply pipe would experience a temperature
drop of only about 0.3°C (0.6°F) over a transport
distance of one mile.

Low temperature systems require much larger piping.
As stated earlier, for a given flow rate, the amount
of heat conveyed depends only on the temperature
difference between supply and return, not the abso-
lute value of the supply temperature. With proper
design, low temperature water systems can and do

achieve temperature differences of 55°C (100°F), just
like medium and high temperature water systems.
Low temperatures and pressures make it easier to
control the building space heating and domestic hot
water heating systems; thus, it is easier to maintain
significant temperature differences between supply
and return even in times of lower load. In larger
systems, the flow rate is usually modulated along
with the temperature in order to meet the varying
load conditions while keeping the cost of pumping
and heat losses as low as possible. The temperature
modulation is done in a manner similar to the way
the temperature of hydronic heating systems in
buildings are reset based on outdoor air temper-
ature. An example of temperature and flow rate
modulation is given in Figure 1 (from Phetteplace
and Labbe  1978).

Even when temperature differences between sup-
ply and return are somewhat smaller, pipe sizes do
not need to be increased significantly. For example,
consider the Ft. Irwin LTHW system and the Ft.
Jackson MTHW system, which will be discussed in
more detail later. Assume a flow velocity of 1.5 m/s
(5 ft/s) in each system and a temperature difference
of 36°C (65°F) for the LTHW system and
55°C(100°F) for the MTHW system. The heat con-
veyed by the MTHW system with 125-mm (5-in.)
piping is about 3.81 MW (13.0 MBtu/hr). For the
LTHW system with 150-mm (6-in.) piping the heat
conveyed is only slightly lower at 3.72 MW (12.7
MBtu/hr). Despite the fact that the flow rate in the
LTHW system would need to be about 50% higher
than for the MTHW system, the pumping energy
costs would only be about 25% higher as a result of
the larger pipe size. Pumping energy is usually a
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small portion of the delivered energy (2–5%), so this
additional cost is insignificant when compared to
the greatly reduced heat losses.

Low temperature systems require larger heat exchang-
ers. This is true; however, it does not become a
major disadvantage for several reasons. Because of
the lower temperatures, it is often possible to elimi-
nate the need for heat exchangers for building heat-
ing altogether. Since higher temperatures must ulti-
mately be reduced within the building systems un-
der most circumstances, lower supply temperature
is seldom a problem in space heating applications.
If heat exchangers are needed or desired for isola-
tion purposes, larger buildings can use plate-and-
frame heat exchangers which, because of their large
surface area to volume ratios, are economical for
LTHW applications. For domestic hot water pro-
duction, careful design of the heat exchange system
can yield a very close approach temperature be-
tween the LTHW supply and the delivered domes-
tic hot water, again eliminating any problems with
inadequate temperature at the end user. In smaller
buildings, “brazed” heat exchangers, which are very
similar to plate and frame units except they cannot
be disassembled, are becoming very popular in Eu-
rope because of their low cost and extreme com-
pactness. For example, a stainless steel brazed heat
exchanger including preformed insulation, for a res-
idential size application is about the size of a lunch
box, and would cost about $200.

The large surface area to volume ratios which
can be achieved in plate type heat exchangers make
their performance impressive. Consider, for exam-
ple, a typical design for a brazed plate unit that
might be used on a small space heating or domestic
water heating load of about 20 kW (70,000 Btu/hr).
With a primary water supply temperature of 120°C
(250°F) and design secondary side temperatures of
90°C (195°F) supply and 70°C (160°F) return, the
approach temperature would be less than 0.5°C (1°F).
This means that the primary return water would be
at about 70.5°C (161°F), within 0.5°C (1°F) of the
theoretical minimum of the entering secondary wa-
ter temperature. The flow rates through the heat
exchanger would be about 6 liters/min (1.6 gpm)
on the primary side and 14.8 liters/min (3.9 gpm)
on the secondary side. Pressures losses would be
about 34.5 kPa (0.5 psi) on the primary side and 145
kPa (2.1 psi) on the secondary side. The heat ex-
changer used for this sample design would be about
53.3 cm (21 in.) long, 11.4 cm (4.5 in.) wide, and 4.1
cm (1.6 in.) thick with 14 plates and an empty weight
of less than 5.4 kg (12 lb).

The above discussion clearly illustrates that low

temperature hot water is a feasible, and in most
cases, desirable heat distribution medium for DoD
facilities. When new systems or major replacement
projects are planned, serious consideration should
be given to this technology.

To illustrate the efficiency of several types of
heat distribution we will present results from sev-
eral field studies conducted by CRREL over the last
few years. First we will discuss an efficiency analy-
sis conducted on a steam system at Hawthorne AAP.

EFFICIENCY ANALYSIS OF A STEAM
HEAT DISTRIBUTION SYSTEM

The following efficiency analysis was conducted
on data obtained from Hawthorne Army Ammuni-
tion Plant (Hawthorne AAP). This facility is located
in Mineral County, Nevada, about 220 km (135 mi)
southeast of Reno. Hawthorne AAP is located in a
high desert region 1276 m (4,186 ft) above sea level.
The 99% dry bulb heating design temperature is
–13.9°C (7°F) and the 97.5% dry bulb heating design
temperature is –11.7°C (11°F) (U.S. Army 1978). This
climate accumulates 3060°C-days (18.3°C base)
(5508°F-days, 65°F base) during an average heating
season (U.S. Army 1978).

The compound of Hawthorne AAP covers about
5.87 × 108 m2 (145,000 acres) and has 2,873 build-
ings. The land and buildings can be divided into
two categories: industrial and ordnance. This study
addresses only the buildings in the industrial area
of Hawthorne AAP. These buildings consist of of-
fices, shops, housing units, and recreational and
other facilities. Most of these buildings are heated
by steam from a central distribution system. The
steam is generated in a central plant using fuel-oil-
fired boilers. The conversion of this central heat
distribution system from steam to low temperature
hot water was the subject of a detailed study
(Phetteplace 1991a).

Heat generation and distribution
at Hawthorne AAP

The existing steam distribution system at Haw-
thorne AAP consists of a steam supply line and a
condensate return line. The distance along the steam
line from the central plant to the most distant con-
sumer is less than 1 mile. The steam pressure is
normally around 6.9 bars gage (100 psig) at the
entrance to the distribution system. This pressure is
reduced in the buildings to a nominal 1 bar (15
psig). In the housing area, a central pressure reduc-
ing station reduces the pressure to approximately
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of increased maintenance on the boiler plant equip-
ment or distribution system was apparent to the
operators at the time of the study, the long-term
effect due to thermal cycling of the system is likely
to be detrimental.

All of the boilers are fired with no. 2 fuel oil,
which is delivered by truck and stored in several
large holding tanks. Measurements on the boilers
using combustion analysis have shown the efficiency
to be around 85%. No steam flow data from the
central plant are available due to lack of a functional
flow meter. The individual buildings are not
equipped with flow meters, consistent with stan-
dard practice on most DoD installations. Daily boil-
er logs are maintained for the heating plant. These
boiler logs contain various temperature and pres-
sure readings taken on a hourly basis. Records of
daily fuel used, in storage, and delivered are main-
tained on the boiler logs as well. By using limited
data available from the boiler logs with heat and
mass balances for the system and some statistical
analysis, we can find some estimates of the losses in
which we are reasonably confident. The details on
the development of the model used for this purpose
are given in Phetteplace (1991a).

Heating loads on the
Hawthorne AAP system

Without meters on the buildings or at the plant it
becomes necessary to estimate the heating load on
the system from weather data. The concept of the
heating degree day has been used extensively for
this purpose. Details on its use can be found in
ASHRAE (1985). For the purposes of this analysis
we need only to assume that the heating energy
required over a specified period of time is propor-
tional to the degree days accumulated over that
same period of time. Werner (1984) proposes a much
more detailed model of the heat load in district
heating systems. From his study of the degree-day
concept he concludes that it “... does not accurately
explain the composition of the space heating de-
mand.” Although it is agreed that the degree-day
concept does not accurately account for such factors
as solar gain and infiltration, we feel that for the
purposes of an efficiency analysis such as this, its
use is acceptable as an alternative to more compli-
cated models such as those proposed by Werner
(1984). Data from a fairly large (approximately 75-
MW or, 255 MBtu/hr) steam district heating system
on Ft. Wainwright, Alaska, (Phetteplace et al. 1981)
indicate that it does track the heat load reasonably
well if the effects of the distribution system losses
and domestic tap water heating are considered.

For residential and office buildings normally

0.34 bars gage (5 psig) before distribution to the
individual family housing units.

Most of the main steam lines for the distribution
system are contained in shallow concrete trenches
whose covers are at grade level and used as side-
walks. A small portion of the steam distribution
piping is directly buried in either steel conduit sys-
tems or loose fill insulation materials. For a more
detailed description of the construction details for
these types of systems, see Phetteplace and Meyer
(1990). In most all cases the condensate return pip-
ing is routed entirely independently of the steam
piping. Most of the return piping is buried directly
in the soil and is uninsulated brass or steel piping.
The condensate return is by gravity in most places.
An unusual arrangement called a “sand pit” is used
in the condensate return system. The sand pits resem-
ble sewer manholes in that the incoming conden-
sate flows into a concrete basin and then out into the
outflow piping at the level of the condensate in the
sand pit. Unlike a sewer manhole, the bottom of the
sand pit is not concrete but is formed by the native
sandy soil. To the extent that this soil is not clogged
with particulates, the condensate is allowed to per-
colate into it. This arrangement may account for a
significant portion of the mass loss from the distri-
bution system, as will be discussed later.

Very few of the buildings at Hawthorne AAP are
equipped to use steam from the central system to
heat hot water for domestic uses. Electric hot water
heaters are used in most cases. The notable excep-
tions to this are two apartment buildings that have
large hot water storage tanks in their basements.
These are equipped with steam heat exchangers as
well as electric heating elements. Although steam
has heated these tanks in the past, the electric heat-
ers were in use at the time of our study. Personnel
from the operating contractor indicated that the elec-
tric heaters have been used exclusively in recent
years. Earlier they had been operated only when the
heat distribution system was not in operation.

At the time of our analysis the operating policy
was to turn off the central steam distribution system
and the heating plant during times of low load. A
portion of the system that serves a residential sec-
tion of the base was sometimes shut down prior to
the remainder of the system. The entire system was
shut down for the summer months and was occa-
sionally shut down and restarted during the “swing”
periods of the fall and the spring seasons as well.
This practice was instituted several years earlier by
the operating contractor as an energy conservation
measure. Because the system is not used to generate
domestic hot water, this presents no problem from
a heat supply standpoint. Although no evidence

6



heated to about 21°C (70°F) the base temperature
for the degree day calculation is taken as 18.3°C
(65°F). For other types of buildings that are not
heated to as high a level, lower base temperatures
can be used. The portion of Hawthorne AAP un-
der study had residential and office buildings that
would normally be heated to about 21°C (70°F) as
well as shop type buildings that would not be
heated to as high a level. In order to more accu-
rately model the energy use of the shop build-
ings, a base temperature of 12.8°C (55°F) was used
for these buildings. The degree days were calcu-
lated on a daily basis for each of the two base
temperatures. These were then combined by form-
ing a weighted average of the two degree-day
figures obtained. The weighting factors used were
determined by taking the relative fraction of total
floor area comprised by each building type. The
floor area of the residential and office buildings
comprised 63.2% of the total heated floor area
and the remaining 36.8% was from shop build-
ings. For the month of December 1987 the degree
days computed for each of the two base tempera-
tures, as well as the weighted average, are pre-
sented in Table 1.

Results for the Hawthorne system
For each of the 181 days of the continuous

period of boiler operation in the 1987/88 heating
season, the quantities in Table 1 were either mea-
sured or calculated based on formulas presented
in Phetteplace (1991a). The measured data were
input manually into a commercially available
spreadsheet program, which was used to calcu-

Figure 2. Steam flow from the plant as a function of degree days.

late the remaining quantities. This information was
then transferred to a commercially available statisti-
cal/graphical software package where the remain-
ing analysis was performed.

The first set of results we will present is intended
to enforce the premise that the heating degree day
data provides a reasonable representation of the
heat load from the buildings. Figure 2 shows the
average steam flow rate from the plant as a function
of the weighted average of the heating degree-day
data. Although there is considerable scatter in these
data, they clearly support the concept of the degree
day. The r2 value for the linear relationship that was
fitted to the data is 72%. Since this is the total steam
flow from the plant, it represents all the losses from
the system that would be manifested by steam con-
sumption as well as all energy consumption at the
buildings. The components that make up the total
steam flow out of the plant are the following:

1. Leaks from the steam piping into the envi-
ronment.

2. Heat losses from the steam lines that cause
the saturated steam to condense. The con-
densate is then subsequently drained from
the steam pipe and passes through a steam
trap into the condensate return system.

3. The heating load in the building that causes
steam to be condensed to meet this load.
Then the condensate passes through steam
traps into the condensate return system. Dur-
ing the time period when our data were
collected, no steam was used for domestic
tapwater heating.

0
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The steam use due to leaks in the steam distribu-
tion piping is basically only a function of the pres-
sure in the steam supply pipe. Since the supply
pressure at the inlet to the distribution system is
maintained at a reasonably constant level, the rate
of steam leakage is also fairly constant. When higher
loads are experienced at the buildings, the increased
steam flow rate will result in greater pressure losses
and thus the pressure will be lower under the higher
load conditions. This effect will of course increase as
the distance from the plant increases. The Haw-
thorne AAP system is a relatively small system with
the longest distance along the pipe from plant to
consumer being about 1035 m (3400 ft). For this
reason, the amount of steam used due to leaks will
be assumed to be essentially independent of the
space heating load.

Steam use resulting from heat losses in the distri-
bution system is a function of the temperature of the
surroundings, and thus it is also correlated with the
degree days accumulated. This function is basically
proportional to the temperature difference between
the steam in the pipe and the adjacent surround-
ings. Since most of the main steam lines are con-
tained in concrete trenches whose covers are at grade
level, there is little time lag between the time of an
air temperature change and the time at which the
steam system experiences heat losses proportional
to the new temperature. The dependence of the rate
of heat loss from the steam pipe on the ambient air
temperature is not nearly as dramatic as that of the
building heating load. Since the elevated tempera-
ture of the steam pipe results in a large temperature
difference between itself and the environment, the
changes in this temperature difference due to
changes of the environmental temperature are rela-
tively small. For example, during the 1987/88 heat-
ing season the largest temperature difference be-
tween the mean ambient air temperature and the
steam pipe occurred on 25 December when the tem-
perature difference was 177.20°C (170 to –7.2) (319°F).
By contrast this temperature difference was at its
lowest value during the 1987/88 heating season on
27 October when it was 154.4°C (170 to 15.6) (278°F).
Thus, this temperature difference is only 12.8% less
at its minimum than when at its maximum. The rate
of heat loss will vary by a somewhat lesser amount,
since the thermal mass and thermal resistance of the
concrete trench and surrounding soil will tend to
dampen the effective temperature difference be-
tween the steam pipe and the environment. Hence,
during this period when the space heating load
would range from essentially zero to its maximum
value, the heat losses from the steam distribution

system will undergo much less variation. For this
reason we will assume that the heat losses from the
steam pipe are constant over the heating season.
This allows us to lump the steam use due to these
heat losses with the steam use due to leaks.

The remaining steam load on the system, that
due to the space heating requirements of the build-
ing, will vary substantially with the outdoor air
temperature and thus the degree days accumulated.
In fact, if our degree-day model were an exact repre-
sentation, this load would disappear when the av-
erage outdoor air temperature for the day reached
18.3°C (65°F), the point at which no degree days
would be accumulated for the day. In reality this is
not true for several reasons, the primary one being
inadequate control of the heating system in the build-
ings. Some of the building heating systems at
Hawthorne AAP do not shut off completely when a
specified indoor temperature level is achieved. This
is a common problem in steam-heated buildings,
resulting primarily from leaking valves that do not
completely close. Thus, some portion of the load
due to space heating at the buildings is residual
after degree days are no longer being accumulated.
This must be lumped with the “fixed” portion of the
load on the system, resulting from steam leaks and
heat losses from the steam distribution piping.

A linear function has been regressed onto the
data of Figure 2 as shown. The slope of the re-
gressed line is 0.0445 kg/s–°C-day (0.0545 lbm/
s–°F-day) and the intercept is 0.663 kg/s (1.46
lbm/s). Based on the discussion presented above,
the intercept would represent the sum of the loads
due to steam leaks, heat losses from the steam
piping, and residual heating of the building due
to inadequate building control systems. The slope
of the regressed line would represent the rate of
increase of steam use as a function of increasing
degree days. One measure of the efficiency of the
distribution system is the ratio of the useful heat
delivered to the total heating energy that leaves
the plant. We can find the useful heat delivered
using the slope of the regressed line from above.
To do so we multiply the slope value from the
regressed function by the length of a day and
then in turn multiply the resulting value by the
total number of degree days for the heating sea-
son. For the period of the 1987/88 heating season
under study, the total accumulation of the
weighted average degree days was 2026.5°C-days
(3647.7°F-days). Thus, the total useful steam de-
livered was 7,791,000 kg (17,176,000 lbm). The
total steam delivered will include, in addition to
this useful steam, that which was consumed due
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to heat losses and leaks as well as that unneces-
sarily used for building heating due to inadequate
control. This remaining quantity is found by mul-
tiplying the intercept of the regressed line by the
length of the period of the heating season under
study (181 days), the result being 10,368,000 kg
(22,832,000 lbm). Thus the total steam supplied was
18,159,000 kg (40,008,000 lbm). The distribution effi-
ciency, that is the useful steam delivered divided by
the total steam leaving the plant, is 42.9%.

The amount of water which must be added to
the system to account for that lost is called the
makeup. The amount of makeup water is another
important measure of the efficiency of a heat distri-
bution system. Figure 3 shows the average makeup
water flow rate as a function of the weighted aver-
age degree days accumulated for each of the 181
days in the study period. This makeup water flow
rate has been adjusted to be more representative of
that due to losses in the distribution system and
terminal equipment by subtracting the flow rate of
water used in boiler blowdowns. Boiler blowdown
is the term used to describe the periodic discharge
of water from the bottom of the boiler. This water is
discharged because it becomes high in contaminants
as the pure water is boiled off.

Mass losses in the distribution system and ter-
minal equipment occur in the following areas:

1. Steam leaks from the steam supply piping.
2. Steam and condensate leaks at the heat con-

sumer’s terminal equipment.

3. Condensate discarded at the consumers due
to lack of a condensate return system.

4. Condensate leaks from the condensate re-
turn system.

The first two sources of leaks listed, those in the
steam supply line and the consumer’s equipment,
will be primarily functions of pressure and thus
fairly independent of heating load. To some extent
this is also true of the leaks from the condensate
return system. This system operates by gravity in
most places. The condensate return piping is in poor
condition in many places, however, and larger flow
rates can result in slightly higher pressures or more
completely filled pipes in cases where the pipes are
not always flowing full. Thus, higher rates of leak-
age could accompany the increased flow resulting
from higher heating loads. The remaining source of
condensate loss, discarding at the consumer, will be
highly dependent on heat load. With the exception
of the portion of the heat load that results from
excessive building heating due to inadequate con-
trol, all of the condensate loss from this source will
be proportional to the load. A linear function has
been regressed onto the data of Figure 3. The in-
tercept of this linear function is 0.390 kg/s (0.860
lbm/s) and its slope is 0.020 kg/s-°C-day (0.0247
lbm/s-°F-day). In this case it is more difficult to
determine what sources are responsible for the
“fixed” losses represented by the intercept portion
of the regressed function and what sources are re-
sponsible for the “variable” losses represented by

Figure 3. Adjusted average makeup flow rate as a function of degree days.

(lbm/s)

10



the slope of the regressed function. It is fairly cer-
tain, however, that most of the variable portion must
be due to the condensate return system or lack
thereof. Since leaks in the steam supply piping and
terminal equipment were not prevalent during site
visits, most of the fixed portion of the leakage can
also be assumed to be in the form of condensate.
Since the condensate has a much lower enthalpy
than the steam, on a unit mass basis, the condensate
leaks are of much less consequence than steam leaks
would be. If we assume that all the mass loss is in
the form of condensate, the equivalent energy loss
would be the difference between the enthalpy of the
condensate and that of the makeup water multiplied
by the total mass loss from the system over the
study period. From the regression equation the total
mass loss is found to be 9,601,000 kg (21,234,000
lbm) and the enthalpy difference is 255.6 KJ/kg
(109.9 Btu/lbm), so that the total equivalent energy
loss from this mass leakage is 2,450 GJ (2,334 MBtu)
for the study period. If 10% of the mass loss were to
be in the form of steam the equivalent energy loss
would be nearly double at 4,820 GJ (4,588 MBtu).

The most common measure of distribution sys-
tem leakage is the makeup rate, as discussed earlier.
We have adjusted the makeup rate by subtracting
the makeup flow required for boiler blowdown.
This yields a more representative picture of the mass
losses in the distribution system and terminal equip-
ment. Figure 4 shows the adjusted makeup rate as a
function of the weighted average degree days accu-
mulated for each day of the study period. A linear

function has also been regressed onto these data.
The r2 for this regressed function is only 3.7%, how-
ever, so it cannot be considered statistically signifi-
cant. The average of all the adjusted makeup rate
data for the entire study period is 54%.

Conclusions regarding the
Hawthorne AAP steam system

With limited data we have constructed some
estimates of the thermal and mass losses from the
Hawthorne AAP steam heat distribution system.
These estimates indicate that losses from the system
are very high. Our estimates indicate that only 43%
of the steam leaving the plant is ultimately used for
required space heating. The remainder (57%) is con-
sumed in steam and condensate leaks, heat losses,
and unnecessary overheating of buildings due to
poor control. Most of these losses would be drasti-
cally reduced if a low temperature hot water heat
distribution system were retrofitted to Hawthorne
AAP. For example, Werner (1984) reports the heat
losses from six Swedish low temperature hot water
heating systems as ranging from 4.9% to 7.7% of the
total heat production, with the average being 6.6%.
It is also clear from Werner’s (1984) data that the
heating load drops to 10%, or less, of its maximum
value during times of low load. Since this includes
domestic tap water heating as well as distribution
system heat losses, it is apparent that control of the
building heating systems on a low temperature hot
water system must be much more effective than on
the Hawthorne AAP steam system. Based on the

Figure 4. Adjusted makeup rate as a function of degree days.
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experiences of the European systems (Werner 1984)
it would seem reasonable to assume that the distri-
bution efficiency of a low temperature water system
might be of the order of 90% or more. This com-
pares very favorably with our estimate of 43% for
Hawthorne AAP.

Our estimates of mass losses from the Hawthorne
AAP steam system are also cause for concern. On
the average only 46% of the steam that leaves the
plant is returned as condensate. Relatively high mass
losses are commonplace in steam systems, prima-
rily due to the problems associated with condensate
collection and return. Makeup rates of 10 to 20% are
normally considered good for steam systems. The
Hawthorne system, however, has a makeup rate of
54%. Some steam systems are even worse than the
Hawthorne AAP system. For example, the author
was recently told of a 10-year-old steam system
designed to return all of the condensate that was in
fact returning only 10% of the condensate, i.e., a
makeup rate of 90%. For a low temperature hot
water system, the makeup rate would most likely
be 5% or less. Here again a significant improvement
can be made by switching to low temperature hot
water.

Economics is usually the driving force behind a
decision to retrofit existing steam and high temper-
ature hot water systems to low temperature hot
water operation. If we make the conservative as-
sumption that there are no leaks in the Hawthorne
steam supply line, we can make some estimates of
the cost savings that could be obtained from con-
verting to low temperature hot water operation.
The fuel use for a low temperature system would
drop to about 48% (43%/90%) of the existing value
just due to excess steam now used due to heat losses
for the distribution system, condensate leaks, and
overheating of the building due to inadequate con-
trol. If we assume a value of $10/GJ for energy
costs, the total fuel consumption for the 181-day
study period of 1,445.250 L (381,836 gal) would be
reduced to 693.720 L (183,281 gal), representing a
savings of about $292,000.

In addition, the need to heat makeup water would
be reduced by a significant amount, resulting in
additional savings. If we include the energy loss
due to mass leakage based on our previous calcula-
tions, we can estimate these additional savings. In
this case if we assume  that 10% of the mass lost is in
the form of steam and the remainder is condensate
then the total savings would be increased to $322,880
for the study period.

The study period did not represent an entire
heating season, only that portion of the season when

boiler plant operation was continuous. Savings in
an entire year would be somewhat greater. Addi-
tional savings might also be possible by switching
the buildings from heating domestic hot water with
electricity to using the low temperature system for
that purpose. This would require that the system be
left in operation over the entire year, rather than
being shut down for the summer as is done now.
With the greatly reduced rate of heat loss from the
low temperature hot water system, the cost of heat
losses from the system during the summer months
might not make this economically prohibitive, as it
would be with the existing steam system.

To determine if it would be economically fea-
sible to convert the steam system at Hawthorne
AAP to a low temperature hot water system, CRREL
contracted with the Sacramento District of the US
Army Corps of Engineers to prepare a detailed cost
estimate and preliminary design for the conversion.
The design work consisted of a concept design for
the entire system and a detailed design for con-
version of three of the buildings. The estimated cost
of the conversion contract was approximately $5.8
million and with contingencies, supervision and in-
spection, etc., approximately $6.8 million was esti-
mated for the entire project. Of this cost, the build-
ing conversion costs were about $2.1 million, with
almost half of that cost being associated with asbes-
tos abatement due to pipe insulation containing as-
bestos. The distribution system cost was ap-
proximately $2.6 million. A temporary boiler re-
quired during the plant conversion was estimated
to cost about $0.6 million.

From the projected project costs and savings giv-
en above it was clear that this project was not eco-
nomically viable on the basis of energy savings
alone. This result could be entirely different if, due
to other reasons such as health considerations or
required replacement of equipment, some portion
of the work was justifiable by other means. For
example, assume that the distribution system has
deteriorated to the point where it needs to be re-
placed regardless of whether the conversion to
LTHW is considered. Thus the $2.6 million cost for
the distribution system would be subtracted from
the $5.8 million project total and the cost of the
conversion would be lowered to about $3.2 million
plus contingencies, supervision and inspection, etc.
Under this condition the project would most likely
just meet the current Energy Conservation Invest-
ment Program (ECIP) criteria of 10-year payback.
Another possibility might be if renovations of the
buildings were being accomplished independently
of a decision to convert to LTHW. In this case the
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Figure 5. Construction details for the MTHW common
conduit site.

Figure 6. Construction details for the MTHW individual
conduit site.
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economics are not quite as favorable, but a detailed
cost analysis and refinement of the LTHW design
might still identify an economically viable project
under ECIP criteria.

HEAT LOSS MEASUREMENTS

Over the past few years we have instrumented
operating systems on Army facilities in order to
make measurements of heat losses under realistic
field conditions. Ft. Jackson, South Carolina, was
selected as one site because a large replacement
project was underway there on what would be clas-
sified as a medium-temperature hot water (MTHW)
system consistent with the definitions given in
ASHRAE (1992). Three types of heat distribution
piping systems were instrumented.

In addition to the three sites at Ft. Jackson, two
sites were instrumented on a low-temperature hot
water (LTHW) system at Ft. Irwin, California. The
LTHW system was a new system built to serve a
new barracks complex. The specifics of the construc-
tion of all of these systems are discussed below.

MTHW common conduit system
The common conduit system has both the sup-

ply and return piping in the same steel conduit (Fig.
5). This is a prefabricated system that conforms to
the Federal Agency Criteria for a class A system. This
type of system is designed and installed in accord-
ance with Corps of Engineers Guide Specification
(CEGS) 02695 (U.S. Army Corps of Engineers 1989).

The class A conduit system used at Ft. Jackson
consists of schedule 40 steel supply and return pipes
of approximately 125 mm (5-in. nominal pipe size

[NPS]). These pipes are insulated with a mineral
wool insulation of 38 mm (1.5-in.) thickness. The
insulated supply and return pipes are encased in a
spiral wound steel conduit, which is approximately
3.2 mm (1/8 in.) thick. The supply and return pipes
are positioned within the conduit with the supply
pipe on top of the return pipe. The conduit has an
outer diameter of approximately 500 mm (20 in.),
thus allowing for an air space between the pipe
insulation and the inside of the conduit.

MTHW individual conduit system
The individual conduit system (Fig. 6) employs

the same construction features as the common con-
duit system described above. In this case the supply
and return pipes are approximately 100-mm (4-in.
NPS) Schedule 40 steel and each is encased in its
own individual conduit of approximately 400-mm
(16-in.) outer diameter. The insulation on the pipes
is mineral wool and is 64 mm (2.5 in.) thick in each
case.

MTHW shallow concrete trench system
The shallow concrete trench system (Fig. 7) con-

sists of a cast-in-place concrete trench with cast-in-
place concrete covers. The interior dimensions of
the shallow concrete trench at the Ft. Jackson test
site are 1 m (40 in.) in width and 550 mm (21.5 in.) in
height. The trench walls are 140 mm (5.5 in.) thick
and the trench covers are 150 mm (6 in.) thick, hav-
ing a lip of about 25 mm (1 in.) at the outside edge so
that the portion resting on the trench wall is about
125 mm (5 in.) thick. The supply and return piping
is approximately 125-mm (5-in. NPS) Schedule 40
steel. Each pipe is insulated with 64 mm (2.5 in.) of
mineral wool pipe insulation.
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LTHW preinsulated system, site 2
The pre-insulated piping system used at Ft. Irwin

Site 2 is similar in construction to that used at Ft.
Irwin Site 1, but is of a different size (Fig. 9). At Ft.
Irwin Site 2 the supply and return pipes are ap-
proximately 75 mm in diameter (3-in. NPS). These
pipes are insulated with a polyurethane foam insu-
lation of approximately 32-mm (1.25-in.) thickness.
Each insulated pipe is encased in its own fiberglass-
reinforced plastic (FRP) jacket, which is approxi-
mately 2.5 mm (0.10 in.) thick. The jacket has an
outer diameter of approximately 160 mm (6.25 in.).
Again the insulation was “foamed-in-place” so that
no air space exists between the pipe insulation and
inside of the jacket.

~135 mm
(~5.4 in.)

335 mm
(13.25 in.)

150 mm
(6 in.)

Thermocouple
64 mm (2.5 in.)
Insulation

Heat Flux Sensor
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1 m
(40 in.)

G. PHETTEPLACE
GP 23

Figure 7. Construction details for the
MTHW trench site.

Figure 8. Construction details for the LTHW site 1.
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LTHW preinsulated system, site 1
The pre-insulated piping system used at Ft. Irwin

consists of schedule 40 steel pipes. At Ft. Irwin Site 1
the supply and return pipes are of approximately
150-mm diameter (6-in. NPS). These pipes are insu-
lated with a polyurethane foam insulation of ap-
proximately 32 mm (1.25-in.) thickness. Each insu-
lated pipe is encased in its own fiberglass-reinforced
plastic (FRP) jacket, which is approximately 2.5 mm
(0.10 in.) thick. The jacket has an outer diameter of
approximately 240 mm (9.4 in.). The insulation was
“foamed-in-place,” thus allowing for no air space
between the pipe insulation and inside of the jacket.
Figure 8 shows the construction details of both of
the LTHW sites.
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more than one of the three system types while oth-
ers are applicable for only one type of system. Each
of these methods will be briefly described here and
the systems for which each is applicable will be
given. More detail on the actual methods used is
included in Phetteplace et al. (1991). Worked exam-
ples of heat transfer calculations for these types of
systems may be found in Phetteplace and Meyer
(1990).

Insulation method
This method is applicable to all system types.

With the observed temperatures on the inside and
outside of the pipe insulation, the heat flow through
the insulation can be easily calculated using the
standard formulas for a concentric cylindrical cross
section and the thermal conductivity of the insula-
tion. In using this method on the MTHW systems,
we assume that these temperatures are reasonably
uniform around the circumference of the insulation.
For the individual conduit system, this assumption
is supported by the data of Lunardini (1989). Air
temperature measurements within the concrete
trench and common conduit systems in this study
also support this assumption. For the LTHW sys-
tem at Ft. Irwin, temperatures are measured at four
equally spaced points around the perimeter of the
piping system. These temperatures are then aver-
aged and subsequently used to find the heat flow.
Because of the difficulty of placing thermocouples
between the jacket and insulation of the LTHW
system, temperatures are measured on the outside
of the jacket rather than at the outside of the insula-
tion at these sites. An appropriate thermal resis-
tance for the jacket has been added to the insulation
thermal resistance in these cases.
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Silty Gravelly Sand 

HOT
WATER

CHILLED
WATER

2.41 m (7.9 ft)
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Figure 9. Construction details for the LTHW site 2.

Instrumentation, data logging
and communication systems

The instrumentation consists primarily of type T
copper–constantan thermocouples constructed
from 20 AWG thermocouple extension wire. De-
tailed information on the location of the 167 thermo-
couples used on the MTHW sites at Ft. Jackson can
be found in Phetteplace et al. (1991). A report cur-
rently in preparation will describe in detail the in-
strumentation of the Ft. Irwin LTHW sites. Heat flux
sensors were used at all sites, but the results from
these are inconclusive for reasons described
in Phetteplace et al. (1991). On each of the systems
instrumented, one site along the length of the sys-
tem was selected. Each of the sites at Ft. Jackson was
located at least 7.5 m (25 ft) from the closest manhole
and was chosen as representative of the remainder
of the system segment between manholes. On the
LTHW system at Ft. Irwin, no manholes are used with
all piping junctions buried directly in the ground. The
sites at Ft. Irwin are at least 2.4 m (8 ft.) from the
closest junction or change in direction of the pipes.

Three microprocessor-controlled data loggers
were used in this study. Each of these units was
equipped with an RS-232 interface and modem so
that we could transfer the data from the field sites at
Ft. Jackson and Ft. Irwin directly to our personal
computer at CRREL for processing. Again, more
details on the extent of the data collected at Ft. Jack-
son can be found in Phetteplace et al. (1991), and for
Ft. Irwin will be described in a future report.

Data analysis
Several different procedures are used to calculate

the heat losses from the data collected at the five test
sites. Some of these procedures are applicable to
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(3 Btu/hr-ft2-°F) has been assumed in the calcu-
lational procedure outlined by U.S. Army Corps of
Engineers (1989). This heat transfer coefficient is based
on the outer surface area of the insulation. The valid-
ity of this assumption, based on some results from
this study, is discussed in Phetteplace (1991b).

Method for two pipes
buried in a common conduit

This method is applicable only to the case where
both the supply and return pipes are in a common
conduit. Here the same assumption as in the section
above is made regarding heat transfer within the air
space. The equations used are again those prescribed
by U.S. Army Corps of Engineers (1989) and are
referred to as the CEGS-02695 method here.

Soil method for
two direct buried pipes

For the LTHW sites, the soil method uses the
coupled two-pipe resistance formulation presented
by Phetteplace and Meyer (1990). The same assump-
tion made above regarding soil temperatures has
again been made here. The thermal properties of the
soil were estimated from published data (Kersten
1949) using measured soil moisture and classifica-
tion.

Results of heat loss measurements
Most of the results will be presented in graphical

form in order to present a large amount of informa-
tion within a reasonable space. Table 2 provides a
summary of some of the more important measured
parameters and calculated results. In the graphical
data presented in Figures 10–14, the sharp fluctua-
tions sometimes observed usually result from short-
term transients in the supply and return tempera-
tures. Such transients can result from a number of
causes such as the startup or shutdown of pumps,
boilers, or building equipment.

MTHW trench site
The average temperature of the supply pipe was

163.6°C (326.4°F) and for the return pipe 107.8°C
(226.0°F). The average air temperature within the
trench was 37.2°C (99.0°F). This temperature is the
average of four air temperatures measured within
the trench.

During the study period the average heat loss
from the trench system was 80.5 W/m (83.8 Btu/hr-
ft). This value was calculated using the “insulation
method” described earlier, the only method used for
the trench system. Figure 10 shows the heat loss
from the shallow trench for the entire study period.

Soil method, one pipe or conduit
This method is applicable only to the common

conduit type of system. For the soil thermal resis-
tance we use the formula for an isothermal cylinder
buried in a semi-infinite medium having an isother-
mal surface (Holman 1972). The temperature of the
cylinder and its radius are taken as those of the
outside of the conduit. However, the isothermal soil
surface temperature is not used as prescribed by this
formula. Instead, the temperature of the soil at the
depth of the pipe is used for reasons described be-
low.

Soil temperatures vary with depth due primarily
to changes in the air temperature. The thermal prop-
erties of the soil damp the amplitude of the tempera-
ture fluctuations at the surface and also cause a time
delay for a temperature disturbance at the surface to
reach the soil at some depth below. To accurately
model the variations in heat transfer rate from a
buried heat distribution system due to temperature
variations at the surface requires a transient solution
to the problem. Unfortunately, no closed-form tran-
sient solution is available for the case of a buried
pipe. Numerical methods can be used to find very
good approximate solutions to such problems, but
they require much more effort than the closed form
steady-state solutions. To account for the transient
nature of the problem an approximation can be made
by using the undisturbed soil temperature at burial
depth instead of the ground surface temperature in
the steady-state solution for a buried pipe (Janson
1963). We have made this substitution in the calcu-
lations for the results presented here, including those
made with the other methods described below where
soil surface temperature is also required.

Method for two buried pipes in
individual conduits

This method is a combination of the two methods
outlined above, but it also accounts for the thermal
resistance of the air space and the interaction of the
two conduits. For the MTHW results presented here,
the method given by U.S. Army Corps of Engineers
(1989), referred to as the CEGS-02695 method, has
been used. This method uses steady-state conduc-
tances for the pipe, insulation, and soil. The heat
transfer across the air space between outer surface of
the insulation and the conduit is approximated as
described below.

The actual heat transfer processes within the air
space are far too complicated to warrant a complete
treatment for the purpose of determining the heat
losses from such systems. As an approximation, an
effective heat transfer coefficient of 17 W/m2-°C

17



(W/m)(Btu/hr-ft)

O N D J F M A M J J A S O N F M A M J J J F M A M J

1986 1987 1988 1989

100

90

80

70

60

50

40

100

90

80

70

60

50

40

110

H
ea

t L
os

s

Figure 10. Heat losses for the MTHW trench site.

The reduction in heat losses during 1988 and 1989
over the previous years is attributable to the re-
duced return temperature during that time period.
The cause of this temperature reduction is not
known. This is a fairly significant reduction and
provides a clear example of the benefits of keeping
the temperature differential between supply and
return as large as possible, thus resulting in lower
return temperature. Not only will heat losses be
reduced by lower return temperatures, but pump-
ing costs are also reduced since less mass will need
to be circulated. Of course, this assumes that the
thermal load is constant and that some method of
reducing pumping power input, such as variable
speed drives or multiple pumps, is available.

MTHW common conduit site
Figure 11 shows the heat loss from the MTHW

common conduit site over the study period. The
temperature of the supply at this site during the
study period averaged 164.8°C (328.7°F) and the
return averaged 120.8°C (249.4°F) for the same pe-
riod of time. The supply temperature is somewhat
higher (1.3°C, or 2.3°F) than the supply temperature
observed at the trench site. The return temperature
averaged about 130°C (23.4°F) higher at this site as
well. This would tend to make heat losses higher at
this site if all else were equal, as of course is not the
case. The temperature of the outer surface of the

conduit averaged 54.1°C (129.4°F), while the undis-
turbed ground temperature at approximately the
same depth as the centerline of the conduit aver-
aged 17.4°C (63.3°F). This illustrates the rather dra-
matic effect of the buried conduit on surrounding
soil temperatures.

The heat losses for the common conduit system
were calculated by three of the methods described
earlier. The method referred to as the “soil method”
uses the single buried pipe equation and the con-
duit outer surface temperature to calculate the heat
flow. The thermal conductivity of the soil is taken as
1.08 W/m-°C (7.5 Btu-in./hr-ft2-°F) in this and the
CEGS-02695 method, which is believed to be a real-
istic average value based on the observed soil type
and moisture content (Phetteplace et al. 1991) and
published data (Kersten 1949). Because of the in-
homogeneous nature of soil and the difficulty in
making thermal measurements on soils, this value
is considered to be accurate only to within 25%.

The average of the values computed by the three
methods is 108.8 W/m (113.2 Btu/hr-ft). The high-
est of the methods (CEGS-02695) was approximately
7.6% greater than the average value and the lowest
(insulation method) was 4.3% below the average.
Considering the difficulty involved in making ther-
mal measurements of this nature, we believe this
agreement is very good. This is particularly true
when one considers that the CEGS-02695 method
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Figure 11. Heat losses from the MTHW common conduit site.

may have conservative assumptions (in that they
would under-predict the actual thermal resistance)
regarding the heat transfer across the air space, as
discussed in Phetteplace (1991b).

The heat losses for the entire study period for the
common conduit site are shown in Figure 11. Note
that during the early spring (around March), for
each of the three years that we have data during this
time period, the results from the insulation method
increase to a value greater than those for the soil
method. Some time during the fall (about mid-Sep-
tember for 1987, the only year for which we have
data during this time period) the trend is reversed.
The soil moisture content offers one possible expla-
nation for this. Soil samples taken for this study
(Phetteplace et al. 1991) indicate that the soil mois-
ture content is higher during the spring and sum-
mer than in the winter. One plausible explanation
for this would be that it takes a considerable length
of time for the winter precipitation to diffuse into
the low-permeability soil found at Ft. Jackson. Sub-
sequently the soil dries out slowly during the sum-
mer reaching its lowest moisture content in the fall
and winter.

If the moisture content of the soil around the
conduit, particularly that between the conduit and
the ground surface, increases during the spring and
summer months, then the thermal conductivity of
the soil will increase during that time period as

well. This will reduce the thermal resistance of the
soil in an absolute sense as well as relative to the
other thermal resistances in the system. Presum-
ably the other thermal resistances remain fairly con-
stant year-round, notably the insulation thermal
resistance which is much greater than the thermal
resistance of the soil or any other thermal resistance
in the system. Thus, the overall thermal resistance
will be reduced by a much smaller relative amount
than the soil thermal resistance. With the lower
thermal resistance the temperature drop across the
soil from the conduit casing to the ground surface
will decrease relative to the other temperature drops
in the system. However, we have assumed that the
thermal conductivity of the soil is constant year-
round in our soil method, and thus with the lower
actual resistance and relative temperature drop mea-
sured we will underpredict the heat flow.

MTHW individual conduit site
At the individual conduit site, the temperature

of the supply during the study period averaged
165.3°C (329.6°F) and the return averaged 111.6°C
(232.8°F) for the same period of time. The tempera-
ture of the outer surface of the conduit averaged
28.7°C (83.6°F) for the supply and 28.1°C (82.5°F)
for the return. The undisturbed ground tempera-
ture at approximately the same depth as the
centerline of the conduit averaged 14.3°C (57.3°F).
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Figure 12. Heat losses from the MTHW individual conduit system.

Here the average temperature difference between
the outside of the conduit and the undisturbed soil
temperature at the burial depth is only –3.4°C
(25.8°F). This can be compared to a temperature
difference of about 36.7°C (66°F) at the common
conduit site. The primary reason for this much lower
temperature difference at the individual conduit
site is the increased insulation thickness at that site.
Because the thermal resistance of the insulation is
much larger at the individual conduit site, the ther-
mal resistance of the soil becomes a much smaller
fraction of the total, and thus the corresponding
temperature drop across that resistance decreases.

The heat losses for the individual conduit system
were calculated by the insulation and CEGS-02695
methods described earlier. As in the calculations for
the common conduit site, the thermal conductivity
of the soil was taken as 1.08 W/m-°C (7.5 Btu-in./
hr-ft2-°F) for the CEGS-02695 method. The average
of the heat loss values computed by the two meth-
ods is 74.7 W/m (77.7 Btu/hr-ft). The highest of the
methods (Insulation Method) was approximately
7.5% greater than the lowest (CEGS-02695 Method).
Again, considering the difficulty involved in mak-
ing thermal measurements of this nature, we be-
lieve this agreement is very good. The heat losses

for a portion of the study period for the individual
conduit site are shown in Figure 12.

LTHW preinsulated system, site 1
On the LTHW system at Site 1, the temperature

of the supply during the study period averaged
85.5°C (185.9°F) and the return averaged 81.2°C
(178.2°F) for the same period of time. The relatively
small temperature difference between supply and
return must be attributed to the mass flow rate
being in excess of what is required. It is not known if
this resulted from an error in design or from the
substitution of a larger pump in the construction
process. The temperature of the outer surface of the
FRP jacket averaged 43.6°C (110.5°F) for the supply
and 42.4°C (108.3°F) for the return. The undisturbed
ground temperature at approximately the same
depth as the centerline of the pipe averaged 25.5°C
(77.9°F). Here the average temperature difference
between the outside of the jacket and the undis-
turbed soil temperature at the burial depth is 17.5°C
(31.5°F). This can be compared to a temperature
difference of about 36.7°C (66°F) at the common
conduit site and 14.3°C (25.8°F) at the individual
conduit site. As with the individual conduit site, the
primary reason for this much lower temperature
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difference compared to the common conduit site is
the increased insulation resistance at this site. Be-
cause the pipes at this site are buried very deep (3.0
m or 9.7 ft) this site has a relatively significant ther-
mal resistance in the soil which results in significant
temperature drops in the soil. Thus, the tempera-
ture drop between the jacket and the undisturbed
soil at this site is slightly more than at the individual
conduit site even though the heat losses are much
lower.

The heat losses for the LTHW site 1 system were
calculated by the insulation and soil methods de-
scribed earlier. The thermal conductivity of the soil
was taken as 1.46 W/m-°C (10 Btu-in./hr-ft2-°F) for
the soil method. This value is based on published
data (Kersten 1949) and measured soil moisture and
classification. The average of the heat loss values
computed by the two methods is 37.9 W/m (39.4
Btu/hr-ft). The highest of the methods (soil method)
was approximately 10.1% greater than the lowest
(insulation method). The heat losses for the LTHW
system site 1 for the study period are shown in
Figure 13.

LTHW preinsulated system, site 2
For the LTHW system at site 2, the temperature

of the supply during the study period averaged
83.5°C (182.3°F) and the return averaged 80.1°C
(176.2°F). The temperature of the outer surface of

the FRP jacket averaged 37.6°C (99.7°F) and 37.1°C
(98.7°F) for the supply and return, respectively. The
undisturbed ground temperature at approximately
the same depth as the centerline of the pipe aver-
aged 25.5°C (78.0°F). Here the average temperature
difference between the outside of the jacket and the
undisturbed soil temperature at the burial depth is
11.7°C (21.2°F), the lowest of any of the direct bur-
ied systems in this study. Despite the fact that this
system is buried deep (2.5 m or 8.2 ft.), the relatively
high level of insulation results in less significant
temperature drops in the soil compared to the LTHW
system site 1, where the same thickness of insula-
tion is used on a pipe nearly twice as large in outer
diameter. Thus, the temperature drop between the
jacket and the undisturbed soil at this site is con-
siderably less than for site 1 on the LTHW system.

As was done for site 1 on the LTHW system, heat
losses from site 2 were calculated by the insulation
and soil methods described earlier. Again, the ther-
mal conductivity of the soil was taken as 1.46 W/m-
°C (10 Btu-in./hr-ft2-°F) for the soil method. The
average of the heat loss values computed by the two
methods is 24.7 W/m (25.7 Btu/hr-ft). The highest
of the methods (soil method) was approximately
6.4% greater than the lowest (insulation method).
The heat losses from site 2 of the LTHW system
over the course of the study period are shown in
Figure 14.

Figure 13. Heat losses from the LTHW site 1 system.
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the supply and return piping is approximately
150 mm (6 in.) in diameter with approximately 32
mm (1.25 in.) of polyurethane foam insulation.
The average value of the heat loss from this sys-
tem using the two methods of measurement de-
scribed earlier is about 37.5 W/m (39 Btu/hr-ft).
For the medium temperature hot water system at
Ft. Jackson, South Carolina, the common conduit
site has approximately 125-mm (5-in.)-diameter
supply and return piping with about 38 mm (1.5
in.) of mineral wool insulation. The heat losses of
this system average 108.6 W/m (113 Btu/hr-ft)
using the average of the three different methods
of measurement described earlier. With proper
design, the 150 mm (6-in.) low temperature pip-
ing is able to convey as much heat as the 125 mm
(5-in.) medium temperature water piping. An ex-
ample of the heat carrying capacity is given in
Phetteplace (1992). Thus, the losses are reduced
by a factor of nearly three. To put this in per-
spective, consider what this would do to the heat
losses from the Army’s 5600 km (3500 mi) of heat
distribution piping (U.S. Army 1992). At 108.6
W/m (113 Btu/hr-ft) and $9.48 per GJ ($10 per
million Btu) the annual cost of heat lost would be
over $182 million. For 37.5 W/m (39 Btu/hr-ft)
and the same cost of heat the annual cost of heat
losses would be about $63 million. Thus, the Army
could save nearly $120 million per year from heat
that is now lost to the environment. This assumes,
of course, that all the existing systems have rates
of heat loss similar to those of the Ft. Jackson
system. Assuming that the size of the Ft. Jackson
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Figure 14. Heat losses from the LTHW site 2 system.

Conclusions drawn from
heat loss measurements

The objective of our heat loss studies has been
to achieve some insight into several aspects of
thermal analysis of heat distribution systems. Of
primary importance is the actual rate of heat losses
from operating heat distribution systems. We have
presented several years of data for five different
sites on four types of heat distribution systems. In
all but one case these heat losses have been mea-
sured under actual field conditions by more than
one method. By making heat loss calculations us-
ing several different methods using independent
measurements, we have established the validity
of our techniques for systems similar to those
studied. The methods used to make these mea-
surements have proven to be very reliable and
repeatable. In general, agreement between meth-
ods has been very good in terms of the magnitude
of the heat losses as well as the trends over the
yearly cycle.

The relative levels of heat losses found in our
studies give rise to some significant conclusions re-
garding the cost of heat losses for the DoD and our
ability to impact these costs. We can use these re-
sults to make an estimate of heat loss costs for DoD
and also the savings which could be achieved by
converting our high temperature water and steam
systems over to low temperature hot water.

As an example, consider the reduction in heat
losses possible with low temperature water as
illustrated by some of the measurements taken on
the Ft. Irwin system. At one of the Ft. Irwin sites
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system is representative, this is a conservative as-
sumption, since the Ft. Jackson system is relatively
new and is undoubtly more thermally efficient than
the Army’s average system.

While these savings are significant, the cost of
replacing the piping systems would be enormous.
Current replacement cost for high temperature wa-
ter and steam systems is approximately $1000 per
lineal meter ($300 per lineal ft). If we assume that
the cost of the LTHW systems is 50% of the cost of
the high temperature water and steam systems
they would replace, it would cost about $2.8 billion
to replace all the Army’s 5600 km (3500 mi) of sys-
tems. Thus, the simple payback would be unac-
ceptable, at about 23 years. But since these systems
are continuously being replaced, many opportuni-
ties exist to convert to LTHW in those instances.
Even when building conversion costs are consid-
ered, conversion to LTHW may be less costly than
replacing in-kind from a capital cost standpoint
alone. When the reduced operating costs of LTHW
are considered, LTHW will have the lowest life cycle
cost in many cases.

CONCLUSIONS

The objective of this report was to present in-
formation on the efficiency of heat distribution
systems. Data were presented from several field
studies conducted by CRREL on operating sys-
tems of Army bases. After studying this report
the reader will conclude that low temperature hot
water is a superior means of heat distribution.
The primary advantages of low temperature wa-
ter systems are listed below:

1. Capital costs are only about 50% of those for
high temperature water and steam systems.
This is a result of the much simpler system
with fewer provisions for expansion and
high pressures. In addition, the insulation
and jacketing materials that can be used with
LTHW not only perform better but they are
less costly.

2. Heat losses are drastically reduced. As illus-
trated by the data given above, CRREL’s
measurements have shown the heat losses
to be about 35% of those for a high tempera-
ture water system.

3. Leakage is usually much lower due to lower
temperature and pressure. This is particu-
larly true when compared to steam systems
where problems with condensate return usu-

ally result in significant mass losses. For ex-
ample, the CRREL analysis of the Hawthorne
AAP steam system described above has
shown that about 50% of the mass is lost in
distribution.

4. Maintenance is lower and the systems are
safer as a result of lower temperatures and
pressures. Frequently buildings can be con-
nected directly to the central system with-
out heat exchangers because of the lower
temperatures and pressures.

5. Cogeneration of electricity is more favor-
able because the lower condensing tempera-
ture results in higher efficiency of the power
generating cycle.

6. Lower density loads can be served economi-
cally. Because of the lower piping cost and
simpler systems, it becomes economical to
extend the distribution system into areas
where the loads are smaller and farther apart.
For this reason, even residential areas are
served by low temperature systems in Eu-
rope.

7. Low temperature systems are more easily
adaptable to many alternate sources of en-
ergy, such as solar, geothermal, and waste
heat.

We hope that this report has helped provide
evidence of the major advantages of low tem-
perature hot water systems. Perhaps the stron-
gest support for the concept comes from Europe
where the vast majority of the systems are LTHW.
There the much higher penetration of district heat
as a space heating means is primarily due to the
efficiency of the LTHW systems. If the DoD is to
remain committed to district heating technology
on its bases we must begin to convert existing
high temperature water and steam systems to
LTHW. If this is not done, it will become increas-
ing difficult to justify the use of district heating.
This is true, even when all the inherent advantages
of district heating from energy efficiency and en-
vironmental impact standpoints are considered,
due to increased competition from alternate fu-
els, especially natural gas.
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